The lateral gastric (LG) motor neuron of the stomatogastric nervous system of the crab Cancerborealis has a large soma in the stomatogastric ganglion (STG). The LG motor neuron makes inhibitory synaptic connections within the neuropil of the STG, and also projects to the periphery, where it innervates a series of muscles that control the movements of the lateral teeth of the gastric mill. The LG motor neuron has a spike initiation zone close to its neuropilar integrative regions, from which spikes propagate orthodromically to the muscles. Additionally, under certain conditions, the LG neuron can initiate spikes at peripheral axonal sites that can be 0.5-2.0 cm from the STG. Peripherally initiated spikes propagate antidromically into the STG and also propagate to the muscle. The peripheral spike initiation zones are often active in combined preparations in which the muscles are left attached. When the muscles are removed, depolarization of the LG soma together with 5-HT applied to the motor nerve also evokes peripheral spike initiation. At a given 5-HT concentration, the duration of the trains of antidromic spikes can be controlled by current injection into the soma, suggesting the presence of a slow voltage-dependent conductance in the LG axon. The antidromic spikes contribute to lengthening of the duration of contraction in some of the muscles innervated by the LG, but do not evoke IPSPs onto LG follower neurons. Thus, the LG neuron can send different signals to its peripheral and central targets.
Neurons can show remarkably complex structures that have important consequences for signal processing. In many vertebrate and invertebrate neurons, action potentials are generated in one location, usually the axon hillock (see Taut, 1962; Smith et al., 1982) . However, some neurons possess multiple sites for action potential generation. In particular, there are neurons that project between ganglia that can initiate action potentials in several ganglia, in response to local synaptic inputs (e.g., Vedel and Moulins, 1978; Calabrese, 1980; Dickinson et al., 1981; Nagy et al., 198 1) . When neurons initiate spikes at multiple loci, it is important to determine the trajectories by which the spikes travel from each site of initiation. For example, it is possible that spikes initiated at some sites of a complex neuron may propagate through the entire neuron, whereas spikes initiated at other sites may not do so. In the latter case, it becomes important to determine, for each site of spike initiation, the physiological sequelae that result. Indeed, Mulloney and Selverston (1972) showed that antidromically activated action potentials in the lateral pyloric neuron of the stomatogastric ganglion (STG) fail to elicit IPSPs in the pyloric dilator neuron, while orthodromically activated action potentials are effective. In this article we again show that antidromic and orthodromic spikes do not evoke the same postsynaptic actions.
Although it is now clear that neurons have many different voltage-and time-dependent conductances that confer on them their individual electrical properties, it is generally thought that axons have fewer types of conductances than somata and neuropilar processes. In fact, it is usually assumed that most axons generate action potentials using voltage-dependent conductances similar to those described by Hodgkin and Huxley (1952) for the squid axon. However, it is clear that at least one other type of current, the A current, is important for the control of the firing frequency in axons (Connor et al., 1977) . Despite this, the presumption is that it is unlikely that other voltage-dependent currents are found on most axons. One of the interesting possibilities suggested by the work presented in this article is that some regions of axons may display slow voltage-dependent currents that can modulate the axonal membrane.
There is a large body of literature showing that presynaptic terminals of neurons, including many motor neurons, possess receptors to many neurotransmitters and neuromodulators. In particular, one of the first reports of neuromodulation was the finding that 5-HT can modulate synaptic release (Dude& 1965) and elicit spontaneous nerve terminal activity (Grundfest and Reuben, 196 1) at some crustacean neuromuscular junctions. Although nerve terminals are often chemosensitive, it is generally assumed that motor nerves are not sensitive to neurotransmitters or circulating hormones. Here we present data that indicate that the motor nerve containing the axon of the lateral gastric (LG) neuron is sensitive to 5-HT.
There are reports of peripheral action potential generation close to the terminals of motor neurons (Standaert, 1963 (Standaert, , 1964 . Moreover, Maranto and Calabrese (1984) showed that HE motor neurons in the leech heart system can burst and fire antidromic spikes from a peripheral plexus zone, and that this peripheral activity may function to ensure rhythmic heart tube activity. We demonstrate that the peripheral axon of the LG motor neuron can generate action potentials in combined preparations and provide a possible behavioral role for this phenomenon. LG, lateral gastric motor neuron; gm56, gm6, gm8a,b, the three bilateral gastric muscle groups innervated by the LG neuron.
In this article we have studied properties of the LG neuron of the crab STG. The LG neuron innervates a set of bilaterally symmetrical muscles that close the lateral teeth of the gastric mill. The gastric mill of lobsters and crabs is involved in the maceration of ingested strips of food into smaller particles, which are then processed by the pyloric filter apparatus before passing into the midgut. The LG, as well as the other STG motor neurons, is an important component of the networks that control the motor patterns generated by the STG. Therefore, processes that shape the activity of the LG have implications for movement (because the LG is a motor neuron) and for pattern generation (because the LG neuron synapses directly on many of the other pattern-generating elements of the STG).
A Materials and Methods
Cancer borealis were purchased from local (Boston, MA) fishermen and kept in aerated aquaria at 12°C. Seventy-five animals weighing between 300 and 600 gm were used.
All experiments reported in this article were repeated at least three times. A complete description of the dissections and techniques employed can be found in Selverston and Moulins (1987) . The combined nerve-muscle preparation used in most ofthese experiments is described in Hooper et al. (1986) and Weimann et al. (1991) . Briefly, the stomach was removed from the animal and slit ventrally from the esophagus to the midgut. The stomach was then pinned flat in a dissecting dish, and the anterior ganglia, STG, and associated nerves were detached from the anterior stomach wall and muscles while the posterior gastric and pyloric muscles remained innervated. This combined preparation was transferred and pinned to a Sylgard-coated Petri dish. A schematic diagram is illustrated in Figure 1 . After desheathing the stomatogastric ganglion (STG) and stomatogastric nerve (stn), stainless steel monopolar extracellular recording electrodes were placed on the nerves. A Vaseline well around the desheathed portion of the stn allowed us to put an isotonic sucrose (750 mM) solution into this well to block the stn. In all figure diagrams where "sucrose" points to a circle, this indicates that impulse conduction via the nerve was blocked. A double superfusion system and a Vaseline well around the motor nerves were used so that serotonin (5-HT, Sigma) could be superfused over the motor nerves while the muscles and STG were superfused with normal saline.
Physiological saline had the following composition: NaCl, 440 mM; El, 11.3 mM; CaCl,, 13.3 mM; MgCl,, 26.3 mM; Trizma base, 11.0 mM; maleic acid, 5.2 mM, pH, 7.4-7.5. Saline, cooled to 12-13°C was superfused at a rate of 10-25 ml/min into both chambers.
Glass micropipettes filled with 4 M K-acetate (20-40 MQ resistance) were used for both neuron and muscle recordings. Membrane potential control of the LG neuron was achieved with two-electrode current clamp using two Getting 5A amplifiers. Muscle movements were recorded with a force/displacement transducer built by M. O'Neil (Brandeis University) (details in Meyrand and Marder, 199 LG is impaled with current-injecting and recording electrodes.
Three extracellular electrodes are placed on the motor nerves, and another intracellular electrode records EJPs in the gm6 muscle. PSZZ, peripheral spike interaction zone. B, Intracellular recordings of LG and gm6 muscle during LG depolarization to -30 mV (arrow) produced orthodromic spikes (hatched bar). When the potential is returned to -65 mV, only antidromic spikes are seen (open bar). C, Three superimposed sweeps triggered by LG action potential in lvn. Orthodromic spikes were generated from a smaller depolarization, so the spike frequency was lower. The spikes originate between the soma and extracellular electrode on the dvn (2) and then travel to electrodes 3 and 4 on lvn and finally produce EJP at the muscle. D, Three superimposed sweeps triggered on spikes after the depolarization. Spikes originate in the lvn between electrodes 3 and 4 and propagate antidromically toward the soma.
Data were recorded on a Tektronix oscilloscope, a Gould ES1000 electrostatic recorder, a Gould 440 pen recorder, and a Vetter tape recorder. Multiple sweep analysis was performed with R.C. Electronic Computerscope software on an 386/25 MHz IBM PC.
Results

Spontaneous peripheral spike initiation
In combined preparations, consisting of the stomatogastric nervous system and the gastric mill and pyloric muscles, the gastric rhythm was often spontaneously active. Under these conditions, recordings from the LG motor neuron showed action potentials riding on the top of the slow depolarization of the LG neuron during its active phase of the gastric cycle. In these preparations with muscles attached and contracting, the LG neuron also fired extra action potentials during its hyperpolarized phase (Fig. 2) . Figure 2B shows simultaneous intracellular recordings from the LG motor neuron and a fiber of the gm6 muscle (one of the muscles innervated by the LG), and expanded time base recordings are seen in Figure 2C . During spontaneous gastric activity, LG depolarized and produced a burst of action potentials about every 15 sec. Each LG action potential elicited an excitatory junctional potential (EJP) in the gm6 muscle (lower traces). After the LG burst, lower-frequency spikes were observed for several seconds during the hyperpolarized (-65 mV) phase of the LG oscillation.
The spikes that occurred from a hyperpolarized baseline membrane potential were puzzling because the threshold for normal spike initiation during gastric bursts was around -45 mV (as measured in the soma), as seen by the two spikes prior to the second burst in Figure 2C . This suggested the possibility that the action potentials that trail the burst might have been initiated at a different location, more distant from the soma than the spikes that ride on top of the depolarizing waves during gastric activity.
To localize the site of spike initiation, we placed two electrodes into the LG soma, three extracellular electrodes along the nerves leading to the muscles that LG innervates, and an electrode in a fiber of one of the gm6 muscles (Fig. 3A) . Impulse conduction in the descending CNS input fibers in the stn was blocked using a sucrose well so that the rhythmic activity in the STG was suppressed. The LG was depolarized several times from resting potential (-65 mV) to a potential normally seen during gastric activity (-30 to -40 mV) for 5 set, and the recordings shown in Figure 3B were from the fifth such depolarization. The action potentials that occur during a depolarization are orthodromic ( Fig. 3C ) since they are recorded first in the soma and then travel away from the soma toward the muscle. Subsequent to the 5 set depolarization, action potentials were seen, although the membrane potential was once again hyperpolarized (Fig. 3B ). These action potentials were first seen on electrode 3 (an extracellular electrode on the nerve), and then these spikes propagated into the soma and toward the muscle (Fig. 30) . Thus, from the vantage point of the soma, these are antidromic action potentials. When the muscles are attached but inputs from the CNS are blocked (as in Fig. 3 ) antidromic action potentials are often not seen after the first depolarization but appear after several depolarizations applied in succession. In somatic recordings the orthodromic action potentials are smaller than the antidromic action potentials and have a small afterhyperpolarization (Fig. 3) . Repolarization of the antidromic action potentials does not appear to be active as they decay slowly back to resting potential. This is likely to occur because LG is depolarized to -40 mV from -58 mV between the arrowheads, producing EJPs in the muscle (resting potential, -62 mv), and triggering the
LG antidromic spikes. B, Muscles were removed, and several hours later depo---I larization from -60 mV to -32 mV A did not elicit antidromic spikes. the two outward currents that participate in spike repolarization do not activate in crab STG neurons at voltages more hyperpolarized than -40 mV (Golowasch and Marder, 1992) .
Control of axonal spike initiation
The activity of the axonal spike initiation zone is dependent upon the presence of the gastric mill muscles. In all experiments in which spontaneous axonal spikes were observed, the gastric mill muscles were attached and contracting. Figure 4A illustrates an experiment in which the STG and gastric muscles were intact and the LG neuron was depolarized with 5 set pulses several times. This paradigm elicited antidromic spikes in the LG axon. However, several hours after the muscles were removed, antidromic spikes (Fig. 4B) were no longer evoked by repetitive depolarizations. We hypothesized that the muscle contractions evoked by the LG might excite a pair of sensory neurons known to contain 5-HT, the gastropyloric receptor (GPR) neurons (Beltz et al., 1984; Katz et al., 1989) , and that excitation of these neurons might explain the requirement for the presence of the muscles for the expression of peripheral spiking. Moreover, 5-HT-like-immunoreactive punctate processes are found in the part of the lateral ventricular nerve (lvn) that shows peripheral spiking (V. Kilman and E. Marder, unpublished observations). Therefore, we were curious to determine whether 5-HT, applied to the portion of the motor nerve where the peripheral spike initiation zone is located, but not to the STG itself, could substitute for the presence of the muscles. L _ , 110 mV v 1-E Figure 5 shows that in the absence of attached muscles, antidromic action potentials were easily evoked when low concentrations of 5-HT were applied to the nerve and the LG soma was depolarized. In the experiment shown in Figure 5 , the STG was isolated from descending input by placing a sucrose well around the stn, and another well was made around the peripheral nerves [dorsal ventricular nerve (dvn)/lvn]. As a control, saline was placed in the well surrounding the nerves and LG was depolarized several times for a duration of 5 set; no axonal spikes were observed. One minute after replacing the control saline with saline containing 10m7 M 5-HT, the depolarization activated the axonal spike initiation zone (Fig. 5B) .
All preparations showed the same sequence of events (see below) as 5-HT concentrations were increased. However, the absolute concentrations at which any phenomenon was observed (e.g., threshold for antidromic activity) varied by about an order of magnitude in different preparations. For example, antidromic activity was sometimes seen at concentrations as low as lo-* M, but more commonly 1 O-' M 5-HT was required.
In the presence of a given 5-HT concentration, the duration of the depolarization of the LG soma is critically important in regulating the axonal spike initiation zone. During gastric activity, the LG neuron will depolarize in bursts that are several seconds long. In medium 5-HT concentrations ( 1O-6 M or lower), short depolarizations of the LG failed to induce antidromic spikes (n = 8), but long depolarizations did so (Fig. 6) . In the experiment shown in Figure 6 , the peripheral nerves were bathed S-HT is superlused only over the descending motor nerves, the peripheral spike initiation zone is revealed.
5 set in 1O-6 M 5-HT and the LG soma was depolarized from -53 mV to -30 mV for l-5 sec. Depolarizations of 1 or 2 set did not elicit antidromic spikes, but depolarizing the soma for 3 set or longer did so. The number of antidromic spikes increased as the stimulus duration increased from 3 to 5 set (Fig. 6) . The duration and spike frequency of the axonal burst of action potentials were proportional to the amount of current injected into the LG soma. At higher 5-HT concentrations, shorter-duration depolarizations were sufficient to evoke antidromic action potentials, and at high concentrations (> l-5 x 1O-6 M) a single orthodromic or antidromic action potential could elicit minutes of activity in the peripheral spike initiation zone. The dose dependence of the continuous firing of the peripheral zone was variable among animals; it varied between 5 x 1O-5 M and lo-6 M.
.I 10 mV 2 set Figure 6 . Expression of axonal spike initiation zone is dependent on the duration of the depolarization.
LG was impaled with two electrodes, and 1O-6 M 5-HT was superfused over the motor nerves.
LG was depolarized from -53 mV to -30 mV for varying amounts of time. Only when depolarized for 3 set or longer is the peripheral spike initiation zone triggered.
at -4 Hz. When the neurite was hyperpolarized to -95 mV, the axonal spikes ceased.
Central efects
Although the peripheral spike initiation zone can be several The action potentials generated in the axon do not ordinarily centimeters from the LG soma, current injected into the soma evoke PSPs in neurons that are postsynaptic to the LG neuron, profoundly influences its activity. In the experiment shown in although they do evoke EJPs in the muscles innervated by LG. Figure 7A the preparation was placed in 1O-6 M 5-HT. Under
Interneuron 1 (INT 1) receives a large-amplitude IPSP from the these conditions, a single stimulus was sufficient to elicit long,
LG neuron. Figure 8 demonstrates that the orthodromic action continuous trains of axonally initiated spikes. Hyperpolarizapotentials evoke large IPSPs in INT 1 (which inhibit its firing) tion of the soma to -100 mV for 5 set during this time abolished as well as summated EJPs in the gm6 muscle. Although the the axonal spikes. Upon release of negative current, the neuron antidromic spikes produce EJPs in the gm6 muscle, they do not rebounded and resumed firing antidromic action potentials (Fig. evoke IPSPs in INT 1. This is seen clearly in Figure 8 , C and 7A). In the same type of experiment as described above but with D, which shows three triggered oscilloscope sweeps for both the the current injection electrode in the soma and the voltage reorthodromic and antidromic action potentials. The orthocording electrode in the major neurite of the LG neuron, madromic action potentials (Fig. 8C ) evoked an 8 mV IPSP in INT nipulation of the membrane potential altered the firing fre-1, with the appropriate conduction and synaptic delay of -5 quency of the axonal spikes (Fig. 7B ). When the soma was msec and a corresponding time-locked EJP onto the gm6 musdepolarized such that the membrane potential of the neurite cle. The orthodromic action potential was generated in the ganshifted from -59 mV (baseline membrane potential) to -54 glion between the soma and the dvn electrode; it propagated to mV, the firing rate was -7 Hz. Hyperpolarizing to -72 mV the synaptic terminals to inhibit INT 1 and to the gm6 muscle, reduced the rate to -5 Hz, while at -86 mV the axon spiked where it produced a discrete EJP. In contrast, the antidromic LG I 10 mV 10 nA 2 set 200 msec Figure 7 . Current injected into the soma controls the peripheral spike initiation zone. A, Superfusion of 10m6 M 5-HT on the motor nerves produced long-duration discharge for several minutes. Hyperpolarization of the soma from -74 mV (resting potential) to -100 mV can reach peripheral spike initiation zone and suppress action potentials. i, current monitor. B, In a different animal in 5 x 1O-6 M 5-HT, current injected into the soma while recording from the major neurite in the neuropil shows that the spike frequency decreases from 7 Hz at -54 mV to 4 Hz at -86 mV. At -95 mV all peripheral spiking ceases. Vertical bar, 10 mV for intracellular recording; 10 nA for current monitor. Horizontal bar, 2 set for A; 200 msec for B. action potential (Fig. 8D) was generated between the dvn and lvn electrodes (note the time interval between the dvn and lvn in C and D has changed). The spike traveled antidromically toward the dvn electrode and toward the soma, but does not elicit an IPSP in INT 1.
Since the antidromic action potentials usually follow highfrequency discharges of orthodromic activity, one possible explanation for the failure of the antidromic action potentials to evoke IPSPs is synaptic fatigue. However, the experiment shown in Figure 9 argues that this is not the case. After a 5 set depolarization in the presence of lo-' M 5-HT, 10-l 5 antidromic spikes were seen in the LG neuron, which did not elicit IPSPs in INT 1 (Fig. 9A) . In contrast, when the LG was depolarized for 5 set in normal saline (Fig. 9B ) and then the current was reduced to a level that evoked orthodromic action potentials of the same number and frequency as the antidromic action potentials in Figure 9A , the LG did evoke large IPSPs in INT 1 (Fig. 9B) . Thus, the inability of the low-frequency antidromic action potentials in LG to inhibit postsynaptic neurons is not a consequence of synaptic fatigue.
The above experiment demonstrates that the antidromic action potentials do not ordinarily evoke transmitter release. In Figure 9 , the postburst orthodromic action potentials are firing from a more depolarized membrane potential than the postburst antidromic action potentials. This suggested that the failure of the antidromic action potentials to evoke IPSPs may be because the voltage transient they produce in the neuropil from a hyperpolarized membrane potential does not depolarize the cell adequately. Figure 10 demonstrates that this is the case. In this experiment, the LG soma membrane potential was changed and antidromic action potentials were evoked by nerve stimulation. When antidromic action potentials decremented into the neuropil without a baseline depolarization, no PSPs were evoked. However, as the baseline membrane potential in the LG was depolarized, antidromic action potentials evoked progressively larger IPSPs in INT 1 (Fig. lOA) . The plot of the IPSP amplitude as function of the LG membrane potential (Fig. 10B) shows clearly that antidromic action potentials occurring during hyperpolarized interburst intervals (Figs. 2, 3, 8, 9 ) fail to evoke transmitter release because the LG is insufficiently depolarized.
Peripheral effects
What are the behavioral ramifications of the peripheral spikes on the movement of the gastric mill? Experiments were performed to determine the effects of the train of 4-6 Hz peripherally generated action potentials on the contraction of the gastric muscles. The STG was bathed in TTX to eliminate action potentials generated in the ganglion, and the dvn was stimulated to mimic the firing pattern seen in Figure 2B . The membrane potential and the movement of the gm5b muscle were recorded (Fig. 11A) . High-frequency stimulation followed by low-frequency stimulation of the nerve caused an initial strong contraction, which was sustained during the low-frequency stimulation (Fig. 11 B) . The high-frequency stimulation alone produced the same initial contraction as that shown previously (Fig. 11 C) . However, the low-frequency stimulation alone produced a very weak contraction that was much smaller than the sustained component evoked by low-frequency firing in Figure  11B .
The three muscle groups innervated by the LG neuron, gm8, gm6, and gm5b, respond differently to this stimulation paradigm. The most lateral of the three, gm5b, is the only muscle that shows prolonged contraction due to the low-frequency late action potentials (Fig. 12A) . The contractions in muscles gm8 and gm6, which are more medial, are not prolonged by the lowfrequency burst (Fig. 12B,C) . Thus, the axonal spikes prolong the contraction of the gm5b muscle bundle while doing little to the other muscles innervated by the LG neuron.
Discussion
In this article we show that the LG neuron can initiate spikes at a central site, close to the cell body, and at one or more peripheral sites along the axon, at considerable distance from the cell body. Although we have been calling these sites "peripheral," because they are not in the ganglion, it is important to note that these sites are on axons and several centimeters away from the nerve terminals and associated muscles. Spike initiation at the peripheral zones is easily detected in intracellular recordings from the soma because the peripherally initiated spikes propagate antidromically toward the soma and have different waveforms and durations than do the action potentials that are generated close to the soma.
Peripheral spike initiation occurs spontaneously in combined preparations in which the gastric mill and pyloric chamber mus- LG potential (mV) cles are actively contracting.
The presence of active muscles imparts to the LG axon the ability to generate action potentials l-2 cm from the soma and neuropil, where action potential initiation usually occurs. The experimental paradigm we used to investigate the peripheral spike initiation zone focuses on only one initiation zone. However, in some experiments, two zones were observed (one on each lvn). What is the contribution provided by the contracting gastric mill muscles? One possibility is that muscle movement activates sensory neurons that are responsible for the induction of the peripheral spike initiation zone. This appears plausible because there are two pairs of S-HT-immunoreactive sensory neurons in the gastric mill motor nerves (Beltz et al., 1984; Katz et al., 1989) . These sensory neurons respond to contractions of the gastric mill complex and evoke actions similar to those of bathapplied 5-HT on the motor patterns produced by the STG (Katz and Harris-Warrick, 1990 ). Therefore, it is possible that the role of the muscles in peripheral spike initiation is mediated via these sensory receptors. However, one must keep in mind that there may be additional as yet unidentified sensory fibers in the motor nerves that may also be responsible for this phenomenon (see Dando and Maynard, 1974) .
In this article, we used 5-HT to evoke antidromic action potentials in preparations in which the muscles had been removed. Recent experiments have shown the presence of 5-HTlik+immunoreactive varicosities in the region of the nerve where we applied 5-HT (V. Kilman and E. Marder, unpublished observations) . These results argue that 5-HT, released either from the GPR neurons or from other fibers, may be released from a neurosecretory structure in the nerve in the general area that we found to be 5-HT sensitive. Although the action potentials generated at the peripheral spike initiation can be observed in the soma of the LG neuron, these action potentials do not routinely evoke IPSPs in neurons postsynaptic to the LG. Mulloney and Selverston (1972) observed in the STG of Panulirus interruptus that antidromic action potentials failed to evoke PSPs in follower neurons. This early study was important in establishing that antidromic action potentials could not be reliably used to study the synaptic connections among neurons. Mulloney and Selverston (1972) concluded that the antidromic action potentials were blocked as they entered the ganglion and passed the minor neurites that project to the synaptic terminals. Maynard and Walton (1975) noted that presynaptic depolarization influenced transmitter release in stomatogastric neurons, suggested several mechanisms for this, but were unable to come up with a satisfactory explanation for their results. L. F. Abbott, E. Marder, and J. M. Weimann (unpublished observations) have now constructed a compartmental model of the LG neuron that reproduces the experimental data in this article. This model shows that the level of depolarization upon which the antidromic and orthodromic action potentials ride is sufficient to predict their ability to evoke transmitter release, and that more complicated explanations are not needed.
The relationship of transmitter release to presynaptic level of depolarization shown in Figure 10 is markedly similar to that reported in leech neurons (Nicholls and Wallace, 1978a,b) . In the leech, prolonged depolarizations led to increases in transmitter as the presynaptic neuron was held at a constant level of depolarization, suggesting that prolonged Ca2+ influx might enhance the transmitter output. It would be interesting to determine if the time course of depolarization that occurs during rhythmic activity of the stomatogastric networks is able to give rise to similar modulation of transmitter release.
Under the conditions of these experiments, the frequency of the spikes initiated peripherally was lower than those initiated during strong somatic depolarization. Interestingly, even the low-frequency trains of extra spikes produced significant prolongation of tension in one of the muscles innervated by the LG neuron, gm5b. In the intact animal, peripherally initiated spikes may produce muscle activation in only the gm5b muscle. Alternatively, under more intact conditions, the other muscles might also show prolonged contractions caused by peripherally activated spikes.
The position of the gm5b muscle in the gastric mill complex would cause the lateral teeth to move forward during the retraction phase of the lateral teeth. Based on work in the intact crab, when the inferior cardiac neuron, which innervates gm5a, produces a long plateau, the lateral teeth are launched forward (Heinzel and Weimann, 1990) . Thus, the peripheral spikes may produce a forward movement of the lateral teeth as the teeth are being retracted. This would lead to a backward bite of the lateral teeth that may be used to clear the gastric mill.
Nerve chemosensitivity In many of the experiments described in this article (Figs. 5-9 ), we superfused 5-HT over a region of the motor nerves containing the axon of the LG neuron. The axon itself may have Only one of the three muscles innervated by LG shows potentiation (same stimulation paradigm as in Fig. 11) . A, Simultaneous movement and intracellular recordings of gm5b muscle showing the sustained contraction due to low-frequency stimulation. Large movements can be seen in gm6 (B) and gm8 (0 muscles due to high-frequency stimulation; however, these muscles do not show the sustained phase due to low-frequency stimulation (resting potential: gm5b, -62 mV, gm6, -80 mV; gm8, -60 mV).
5-HT receptors, and locally or hormonally released 5-HT may trigger the peripheral spike initiation zone. Our experiments, however, do not demonstrate that the 5-HT receptors are on the axons themselves, because we cannot rule out the possibility that glial cells ensheathing the LG and other axons are the 5-HT-sensitive cells and that these cells in turn influence the activity of the LG axons. Given the size of these structures, electron microscopic localization of the 5-HT receptors would be needed to determine unequivocally whether the 5-HT receptors are on the axon. There is a large and growing body of literature that demonstrates that glial cells show receptors for numerous neurotransmitters (Villegas, 1975; Bowman and Kimelberg, 1984; Trimmer et al., 1984; MacVicar et al., 1989) , although the mechanisms by which these glial receptors might modify neuronal activity remain obscure. In a recent report, Alford et al. (199 1) describe effects of GABA on lamprey spinal cord axons. As with our experiments, it is possible that the lamprey axon agonist responses are glial mediated. Altematively, transmitter responses on axonal membranes may be a widespread phenomenon.
Mechanism of peripheral spike initiation
It is interesting to speculate on the possible mechanisms underlying the initiation of spikes at or near the 5-HT-sensitive region of the nerve. One possibility is that 5-HT (acting either indirectly on glial cells or directly on the LG axon) induces the expression of a slow, voltage-dependent conductance such as an inward Ca2+ current or a Ca2+-dependent inward current. Assuming that the induction of this conductance is a graded func- Meyrand et al. -Peripheral Spike initiation Zone tion of 5-HT concentration, it is easy to explain how high concentrations of 5-HT could produce continuous firing while lower concentrations would require somatic depolarizations of durations that vary according to the concentration of 5-HT. Axons are usually thought to be simple conduits from an integration site (in this case close to the neuropil) to an effector site (e.g., muscle). Our results now force us to include the possibility that local axonal integration sites can participate in shaping the patterns of activity produced by a neuron. Neurons that can initiate action potentials at multiple locations may perform different behaviorally relevant outputs according to which spike initiation zones are activated by inputs to the neuron. By analogy with computer science terminology, one might argue that each spike initiation zone can be thought of as a site of information processing or a node, and that these can operate independently or in coordination. Three possible modes are evident in the LG motor neuron. First, when the peripheral zones are silent, centrally generated spikes reach the muscles and postsynaptic neurons. Second, when the peripheral zones are activated, centrally generated spikes reach all targets but peripheral spikes only reach the muscles. Third, if the membrane potential of the LG neuron is depolarized during the burst of antidromic action potentials by either synaptic or endogenous conductances, the peripheral spikes will invade the neuropil and elicit PSPs on follower neurons. This adds even more richness to the computational power of this neuron. Only in the last case will the peripherally initiated action potentials participate in the pattern-generating circuit, although in all cases movements will be influenced bv the oe-
